Lattice-mismatched InAs 0.32 P 0.68 /In 0.68 Ga 0.32 As/ InAs 0.32 P 0.68 double heterostructures ͑DH͒ were grown on compositionally graded InAs y P 1−y / InP substrates by solid-source molecular-beam epitaxy ͑MBE͒ out to a misfit of ϳ1%. The kinetics of carrier recombination were investigated in the nearly totally relaxed MBE-grown DH structures using photoconductivity decay ͑PCD͒ measurements. High minority carrier lifetimes of 4 -5 s close to the radiation limit were measured, indicating the ability of MBE-grown InAs y P 1−y buffers in achieving high-electronic-quality, low-band-gap mismatched InGaAs layers. Analysis suggests that very low interface recombination velocities are achieved. A photogenerated carrier diffusion model is presented to explain the initial nonlinear decays observed in PCD data for these heterostructures.
ceiving a great deal of attention due to its potential for applications ranging from ultrahigh speed electronics to infrared optoelectronics and thermophotovoltaic ͑TPV͒ devices. [1] [2] [3] [4] [5] To obtain the level of material quality necessary for device applications requires an intermediate buffer to transition from a common substrate, in this case InP, to a lattice constant that matches that of the low-band-gap InGaAs. InAs y P 1−y alloys are ideally suited for this application, with lattice constants spanning from InP to InAs. Moreover for molecular-beam epitaxy ͑MBE͒ growth, the use of the anion sublattice to adjust the lattice constant is advantageous since this decouples the introduction of lattice misfit from the growth rate. Recently, MBE-grown InAs y P 1−y step-graded buffers graded out to InAs 0.4 P 0.6 on InP, a 1.3% total misfit, have yielded low threading dislocation densities in the ϳ4 ϫ 10 6 cm −2 range, very low surface roughness and no evidence for branch defects that have been observed in InGaAs, InAlAs, and InGaP cation graded buffers. 6, 7 Preliminary, lattice-mismatched InGaAs TPV devices grown on graded InAs y P 1−y buffers/InP substrates using MBE have yielded performance comparable to metalorganic chemical vapor deposition ͑MOCVD͒-grown TPV cells of similar design, with extremely high lateral uniformity. 4, 5 However there have been no reports on the minority carrier lifetime and carrier recombination kinetics in MBE-grown mismatched InGaAs on InP, and this information is necessary to identify carrier loss mechanisms so that MBE-grown mismatched InGaAs/ InAsP / InP heterostructures can be optimized and better understood. This letter presents such a study for metamorphic InGaAs/ InAsP / InP heterostructures grown by MBE. Very high carrier lifetimes are observed for InGaAs layers with ϳ1% misfit and a model is presented to account for the full nature of the photoconductivity decay ͑PCD͒ response typically used to obtain quantitative lifetime values from these materials.
InAs 0.32 P 0.68 /In 0.68 Ga 0.32 As/ InAs 0.32 P 0.68 double heterostructures ͑DH͒ were grown in a solid-source MBE system equipped with valved cracker cells for both arsenic ͑As͒ and phosphorus ͑P͒. The molecular forms of As and P used in the growth were As 2 and P 2 , respectively. The DH structure is schematically shown in Fig. 1 . All samples were grown on semi-insulating ͑001͒ InP substrates and the entire structure was unintentionally doped. Before the DH growth, a 2000 Å InP buffer was deposited, followed by an InAs y P 1−y compositionally step-graded buffer consisting of four steps, each of 4000 Å thickness, with compositions shown in Fig. 1 . A nominal substrate temperature of 485°C was maintained during growth of all layers as determined by optical pyrometry. The misfit between the final step in the buffer ͑InAs 0.32 P 0.68 ͒ and the InP substrate is ϳ1%. Triple-axis x-ray diffraction ͑TAXRD͒ confirmed that Ͼ90% strain relaxation was achieved with this buffer design. tails of the InAs y P 1−y buffer growth and relaxation properties have been reported elsewhere. 6, 8 Following the buffer growth, a series of InAs 0.32 P 0.68 /In 0.68 Ga 0.32 As/ InAs 0.32 P 0.68 DH structures with InGaAs well thicknesses of 0.5, 1, and 2 m were grown on the InAs y P 1−y buffers, achieving a nominal lattice-matched condition with the final InAs 0.32 P 0.68 step of the buffer. Each DH structure included a 300 Å top InAs 0.32 P 0.68 barrier layer to complete the DH structure. All samples were characterized using reflection high-energy electron diffraction ͑RHEED͒ to investigate the in situ surface structure of samples. Strong ͑2 ϫ 4͒ RHEED patterns were obtained throughout the growth of each structure, indicating ideal two-dimensional growth. Uniform, twodimensional surface cross-hatch patterns were observed for all samples by Nomarski microscopy, as expected for effective strain relaxation via InAs y P 1−y compositionally stepgraded buffers. 6, [8] [9] [10] [11] The alloy composition of the In x Ga 1−x As well within each DH structure was confirmed by TAXRD to be In 0.68 Ga 0.32 As with a strain relaxation of 86% ± 2% for all samples. Ultrahigh frequency photoconductive decay ͑UHFPCD͒ measurements at room temperature were made on all DH structures to monitor the photoconductivity decay within the InGaAs wells in order to gain insight into the carrier recombination in these DH structures. A range of excitation wavelength was used as described in the following. By fitting the decay after the optical excitation pulse was removed, PCD lifetimes were quantified. Complete details of this technique can be found elsewhere. 12 Figure 2 shows PCD data obtained for 0.5-, 1-, and 2-m-thick DH structures. The wavelength of the excitation pulse selected in the measurement was 2000 nm ͑0.62 eV͒, slightly higher than the band gap of the In 0.68 Ga 0.32 As well layer ͑0.60 eV͒ and below the InAs 0.32 P 0.68 band gap ͑1.0 eV͒, in order to confine band-absorbed photocarrier generation within the InGaAs wells. The incident photon flux of the excitation pulse was ϳ2 ϫ 10 10 photons/ cm 2 . Assuming an absorption coefficient 2 ϫ 10 4 cm −1 for the In 0.68 Ga 0.32 As well layer at the wavelength of 2000 nm, 13 the 1/e penetration depth of 2000 nm photons inside the InGaAs well layer is ϳ0.5 m. Based on these data, the initial injection level is calculated to be ϳ4 ϫ 10 14 cm −3 , which can be considered equal to the initial photogenerated carrier concentration, assuming the quantum efficiency is 100%. Since the photoconductivity can be expressed as
where q is the electronic charge, is the photogenerated carrier mobility, and ⌬n is the concentration of photogenerated carriers, the PCD signal is proportional to the concentration of photogenerated carriers so that the initial injection level can also be considered as the starting value of the PCD curve. The unintentional background doping of the InGaAs well layer was n type ϳ1 ϫ 10 15 cm −3 , which was determined by electrochemical capacitance-voltage profiling. In Fig. 2 , the initial injection level and the background doping values are indicated. Fitting the low level injection ͑LLI͒ regime of PCD data denoted by the solid line fitting in Fig. 2 , LLI PCD lifetimes ͑ PCD ͒ were determined to be ϳ5, 4, and 4 s for 0.5-, 1-, and 2-m-thick InGaAs well DH structures, respectively. These decay lifetimes are close to the results obtained from similar DH structures grown by MOCVD. 14 The lack of dependence of lifetimes on DH well layer thickness implies a low recombination velocity, S, at the InAsP / InGaAs interfaces such that the usual expression from which the bulk minority carrier lifetime in the InGaAs well, B , can be extracted according to
is no longer valid. That is, for S Ӷ d /2 B , we have 1 / PCD Ϸ 1/ B . For this reason, we can consider the 4 -5 s LLI PCD lifetime to reasonably approximate the minority carrier lifetime in the bulk, relaxed InGaAs layer. Note that the PCD lifetime values are close to the band-band radiation lifetime limit of ϳ7 s expected for n-InGaAs at this doping concentration and band gap, which assumes the radiative recombination coefficient to be 1.43ϫ 10 −10 cm 3 s −1 . 14 These results indicate that the high quality ͑low dislocation density and low roughness͒ of the relaxed MBE-grown InAs y P 1−y step-graded buffers reported previously 6 translates into highelectronic-quality, mismatched InGaAs on InP with high carrier lifetime and low interface recombination velocity.
It is clear from the PCD behavior shown in Fig. 2 that the carrier recombination does not yield single-slope exponential decays as expected for ideal UHFPCD measurements. The fast initial decay observed for all three DH structures may be explained by several phenomena. First, a high value for S at the upper InAsP / InGaAs interface can yield multiexponential photoconductivity decay due to the higher concentration of photogenerated carriers near the upper interface that would dominate the initial part of the photoconductivity decay. However, the observed lack of DH thickness dependence by PCD lifetimes from Fig. 2 demonstrates that the influence of interface recombination is negligible ͑i.e., interface recombination is very low͒, eliminating this possibility. A second plausible explanation then is photogenerated carrier diffusion that can occur during the transient time window observed here as a result of the initially nonuniform carrier generation profile that is dictated by the absorption coefficient of the InGaAs layer at the excitation wavelength. The nonuniform concentration profile induces minority carrier diffusion in the InGaAs layer until an equilibrium concentration distribution is reached throughout the InGaAs layer. Once a uniform carrier distribution is reached, the photoconductivity decay becomes dominated by carrier recombination and the PCD curve becomes a steady decay curve from which the carrier recombination lifetime can be derived.
To establish the reasonableness of this explanation, the diffusion relaxation time, which is defined as the characteristic time for the diffusion process to be complete, can be roughly estimated if we consider a simple diffusion model in which the initial ͑t =0͒ concentration profile of photogenerated carriers C͑x ,0͒, is approximated by
In this expression, h represents the absorption depth of incident photons entering the InGaAs well layer in the PCD experiment and l is the thickness of InGaAs well layer. For the purpose of estimation, we assume ‫ץ‬C / ‫ץ‬x = 0 at the boundaries and only one reflection occurs at the lower InGaAs/ InAsP interface for diffusing carriers. Under these simplifying conditions, the carrier concentration C͑x , t͒ can be written as
where D is the diffusion constant of electrons in this case. 15 Since the carrier concentration C͑x , t͒ is a sum of error functions, it is expected that the dependence of C͑x , t͒ on t should not be linear on a log C-t plot, which is consistent with the initial part of the measured PCD data in Fig. 2 . If we use a value for the electron mobility in In 0.68 Ga 0.32 As layer of 6000 cm 2 / V s based on mobility data measured in MBEgrown mismatched InGaAs with similar composition and doping concentration, a diffusion relaxation time for the 2-m-thick DH is estimated to be ϳ5 s. Given the simplifying approximations used in this demonstration and that the diffusion relaxation time characterizes completion of the diffusion process, this time is consistent with the initial decay period prior to the dominance of LLI recombination-limited decay in Fig. 2 . It should be noted, however, that due to the absorption depth approximation employed, this simplified model cannot be used to determine the diffusion relaxation time for DH structures with well thickness less than the absorption depth calculated, such as for the 0.5 m DH.
Additional support for this argument is provided by Fig.  3 , which compares only the initial ͑0-2 s͒ PCD response of the 2-m-thick DH sample as a function of excitation wavelength at 1500, 1800, and 2000 nm. For diffusion to be important in the PCD behavior, the different initial concentration gradients that result from the dependence of the carrier generation profile on the wavelength-dependent absorption coefficient should be evident. Hence progressively reduced diffusion should be observed for increasing wavelengths ͑lower absorption coefficient͒. This trend is clearly seen in Fig. 3 for the three excitation wavelengths. The 1500 and 1800 nm excitation produce substantially larger diffusion enhanced decay in overall photoconductivity, as measured by the magnitude of PCD reduction in this nonlinear 0-2 s regime, compared to the PCD response in the same time window using near band gap ͑2000 nm͒ excitation ͑note that 2000 nm corresponds to 0.62 eV and the In 0.68 Ga 0.32 As band gap is measured to be 0.60 eV͒. From this, we conclude that a diffusion process that influences the overall PCD magnitude is consistent with the observed nonlinear decay in the PCD response of these materials.
In summary, high PCD recombination lifetimes of 4-5 s have been demonstrated for ϳ1% mismatched InGaAs on InP using InAs y P 1−y step-graded buffers. In addition, outstanding interface quality is demonstrated in this mismatched heterostructure such that the InAsP / InGaAs interface recombination velocity S is low to the point where DH thickness dependence of net PCD lifetimes is not observed. A simple model combined with wavelengthdependent analysis of the initial nonlinear decay observed in PCD data is presented to explain the possible role of carrier diffusion in PCD characterization of mismatched InGaAs/ InP grown by MBE. This work was supported by National Science Foundation under Grant Nos. DMR-0076362 and DMR-0313468. 
